ABSTRACT The efficacy of fat and carbohydrates as energy sources was compared in 1-to 4-and 4-to 7-wk-old broiler chickens and in 16-to 19-wk-old turkeys. An increase in dietary energy by carbohydrate was made by a graded replacement of wheat bran by wheat. Energy was increased by fat through a graded replacement of soybean hulls with refined soybean oil. In the experiments with broiler chickens, the feed efficiency responses to added energy were observed within the entire range of dietary energy tested, with no significant differences between the responses to carbohydrate and fat as energy supplements. The growth response to energy from either source appeared to be characterized by diminishing returns in the chicken. In the 16-to 19-wk-old turkeys, the growth and feed efficiency responses were linear within the range from 2,650 to 3,250 kcal/kg. In chickens and in turkeys, the growth and feed efficiency responses to energy supplied by fat were indistinguishable from those of carbohydrates. In chickens, the fractions of abdominal fat and pectoral muscle were not affected significantly by the energy density and source.
INTRODUCTION
Changes in dietary energy concentration modulate feed efficiency through two partially dependent pathways. Firstly, as dietary energy increases, energy needs are satisfied with decreasing feed intake. Secondly, growth rate is promoted by increasing dietary energy level (reviewed by Waldroup, 1981) , provided that no other nutrient is limiting. Because supplementation of diets with high energy sources becomes increasingly costly, the choice of the energy level in practical diets is most frequently based on economical considerations. These considerations, which extend beyond the capabilities of common linear programming algorithms, can be evaluated through the use of more complex simulation algorithms (Hurwitz et al., 1985; Talpaz et al., 1986) . The proper use of such algorithms depends on an accurate quantitative description of the effects of energy on performance. An attempt to relate quantitatively several performance variables to dietary energy was made by Waldroup et al. (1976) .
The metabolizable energy content of the diet represents the sum of the contributions of carbohydrates, fat, and protein contained in the different ingredients. The calculation of this sum assumes additivity of the contributions by carbohydrates, fats, and proteins. Many differences exist at the metabolic level between fat and carbohydrates as energy sources. The differences in specific dynamic action (SDA) between carbohydrates and fat (Brody, 1945; Schwartz et al., 1985) may be of special importance from the nutritional viewpoint. The relatively low SDA of fat was suggested by Carew and Hill (1964) as the reason for the growth response to an isocaloric substitution of dietary carbohydrates by fat. It has also been suggested that specific effects of fat in improving energy utilization were due to retardation of the rate of intestinal feed passage (Mateos and Sell, 1981) . Tanaka et al. (1983a,b) showed a marked effect of the source of dietary energy supplement on liver lipogenesis. Fat supplementation reducedwhereas carbohydrate supplementation stimulatedliver lipogenesis. In the turkey, specific effects of fat on growth and carcass fat were dependent on age (Hurwitz et al., 1983) , and environmental temperature (Hurwitz et al., 1987) . Supplementary fat may also change the physical quality of the diet. These differences could account for specific effects such as the described extracaloric effect of fat (Jensen et al., 1970) . However, the quantitative importance of these differences in the design of practical diets has not been fully evaluated.
The present study evaluated performance variables as functions of a range of dietary energy density when supplied by either fat (edible oil) or carbohydrate (grain starch). Because in many cases, the responses to dietary components is not linear, the comparison within a large part of the practical range provides for a considerably more generalized conclusion than the use of a single comparison. An attempt has been made here to quantify the value of added carbohydrates in comparison to that of fat in chickens of different ages and in turkeys.
MATERIALS AND METHODS

Birds
Day-old male Cobb chicks and British United Turkey poults were obtained from commercial hatcheries. The birds were raised in battery brooders situated in windowless rooms with temperature maintained at 24 C and with fluorescent lighting providing continuous daylight. At the age of 4 wk, the birds were transferred to individual cages situated in temperature-controlled rooms (20 C). Until the beginning of the experiments, all birds consumed ad libitum standard diets designed to satisfy the recommendations of the National Research Council (1994) .
At the beginning of the experiments, the birds were divided into the experimental groups with the aid of a computer algorithm, equalizing both average body weight and variance. Each treatment included four replicate groups of 10 or 8 chickens in Experiments 1 and 2, respectively, or 6 turkey poults in Experiment 3. During the experiments, body weights and feed intake were determined weekly on an individual and group basis, respectively. At the end of one experiment (Experiment 2), 8 birds of each treatment (2 per replicate) were selected at random and killed by cervical dislocation. Abdominal fat (including visceral fat) and pectoral muscle were then removed and weighed. The experimental protocols were approved by the Committee for Animal Experimentation, The Agricultural Research Organization.
Diet Calculations
Linear programming was used for all diet computations. The energy values used for the calculations are given in Table 1 . In the design of the diets for each respective experiment, a high energy (high fat, high carbohydrate) diet served as the upper point of dietary energy. For changes in energy density by variation in fat supplementation, wheat bran or soybean hulls (80% fiber) replaced the refined soybean oil, keeping the grain supplement and, hence carbohydrate concentration, nearly unchanged. For variation in energy through carbohydrates, wheat bran replaced wheat, while dietary fat was kept constant by minor changes in fat supplementation. This procedure ensured little change in amino acid balance. The ratio of protein and essential amino acids to energy was kept constant in the restrictions for each of the experiments.
The study included three experiments with 1) broiler chickens, 1 to 4 wk old; 2) broiler chickens, 4 to 7 wk old; and 3) turkey toms, 16 to 20 wk old.
Statistical Analysis
Results were subjected to one-way analyses of variance or to covariance analysis (Snedecor and Cochran, 1967) . Co-variance analyses using quadratic equations were calculated using SHAZAM (1993) . In several cases, the quadratic responses were not significant; hence, covariance comparisons between the energy supplements were made on the basis of the simple regressions. The probability level of P ≤ 0.05 was considered significant.
RESULTS
Experiment 1
The purpose of this experiment was to compare the response of young male broiler chickens during the brooding period (1 to 4 wk) to dietary energy provided by either carbohydrates or by fat. The experimental diets are shown in Table 2 .
As indicated by the covariance analysis, weight gain and feed efficiency were significantly improved by dietary energy supplementation either by fat or carbohydrate (P < 0.05; Figure 1 ). Significant differences were observed in the linear responses in either slope or elevation of the responses to dietary energy between the two energy supplements, fat or carbohydrates. Although the responses of weight gain and feed efficiency appeared to diminish as dietary energy increased, significant quadratic responses were recorded only for carbohydrate supplementation (equation not given).
Experiment 2
In this experiment the responses to dietary energy provided by carbohydrates and by fat were compared in broiler chicks during the growing period. The experiment was conducted with 4-to 7-wk-old male Cobb chicks. Composition of the experimental diets is given in Table 3 .
Both weight gain and feed efficiency were significantly enhanced by supplemental energy (Figure 2 ) with no significant differences (P > 0.05) due to energy source in either function slope or elevation of either variable. The increase in either variable appeared to diminish as energy was increased. However, quadratic responses were not significant. Abdominal fat and pectoral muscle (Table 4) were not significantly affected by dietary treatment, although both tended to increase with dietary energy, and were also not affected by the energy source.
Experiment 3
In this trial, the responses to fat and carbohydrates were compared in 16-to 20-wk-old turkey poults ( Figure  3) . Composition of the experimental diet is given in Table  5 . Within the tested energy range of 2,650 to 3,250 kcal/kg, the responses of both weight gain and feed efficiency appeared linear. In the mid region of the tested energies, improvement of growth reached 7 to 8%/100 kcal. There were no significant differences between the responses to carbohydrates and fat in terms of either slope or elevation, for either growth or feed efficiency as functions of dietary energy.
DISCUSSION
In agreement with previous studies such as those of Hurwitz et al. (1983 Hurwitz et al. ( , 1987 , the present study demonstrated growth promotion by increasing dietary energy density, in addition to the expected increase in feed efficiency, in all experiments. It may be recalled that in each experiment, the protein (amino acid) ratios to energy were kept constant in the list of dietary restrictions. Responses of feed efficiency to energy were observed along the entire range of energy density, although the responses to energy appeared to diminish as energy increased. Pesti et al. (1983) , Jackson et al. (1982a,b) observed linear responses of growth to energy up to a dietary level of 3,300, 3,400 and 3,600 kcal/kg, respectively. On the other hand, some studies (Waldroup et al., 1976; Jackson et al., 1982b; Deaton and Lott, 1985; Hurwitz et al., 1983) suggested an upper limit for the response of growth to energy (nutrient) density, within the practical range of dietary energies. Deaton and Lott (1985) observed an upper limit for the response at 3,250 kcal/kg. Hurwitz et al. (1987) found that a high level of fat supplementation (9%) actually depressed growth, but a diminishing response to energy could be observed in 7-d-old turkeys from around 2,800 kcal/kg. Pesti (1982) and others suggested both linear and quadratic components of the responses to energy. It is not clear why diminishing returns to energy were observed in some of the studies, whereas in others the response continues to be linear within the same energy range. More detailed experimentation is, therefore, required for the evaluation of the exact shape of the response curve and its interaction with various nutritional and physiological factors.
In the present study, in which the ratios of amino acids:energy were maintained in the dietary restrictions, the fractions of carcass fat or pectoral muscle were not modified significantly by energy in broiler chickens, similar to previous studies with chickens (Bartov, 1978; Laurin et al., 1985) . This result is different from observations in turkeys (Hurwitz et al., 1983) , in which dietary energy, especially that provided by fat, promoted carcass fat.
On the basis of the results of weight gain and feed efficiency, carcass fat and muscle percentages, there was no evidence to suggest any difference in the performance responses to fat or carbohydrate supplementation either in broiler chickens of different ages or in growing turkey poults. This conclusion is linked to the use of metabolizable energy values for the feed ingredients as given in Table 1 . It should be noted that these metabolizable energy values are similar to those given in NRC (1994) . Furthermore, some measurements of metabolizable energy concentration made in some of the experiments conducted here and in the companion paper (Plavnik et al., 1997) yielded values within 50 kcal/kg of the calculated ones. Thus, differences between carbohydrates and fats that may fall under the categories of the "extracaloric effects" or SDA or any other metabolic difference do not appear to be of any major importance under the conditions of the present study. It is also possible that specific metabolic effects of fat or carbohydrates may be counteracted by homeostatic mechanisms that can maintain nearconstant conditions in the body. Under specific conditions such as high environmental temperature, specific effects of fat on growth and fat deposition were observed in a previous study (Hurwitz et al., 1987) in turkeys. The lack of interaction of energy supplementation with energy source confirms the additivity of calories from fat and carbohydrates.
